Tin-germanium oxide thin films with various Ge/Sn ratios were deposited by RF magnetron sputtering. The electrical and optical properties of these films were investigated. All the as-deposited films were transparent to visible light. No effect was observed by hydrogen ion implantation on the electrical resistivity of the Ge rich (Sn/Ge ≤ 1) films. On the other hand, hydrogen ion implantation improved the conductivity of the Sn rich (Sn/Ge ≥ 4) films. The enhancement of the conductivity would be attributed to the increase in carrier density by protium introduction.
Introduction
Recently, as the field of applications of transparent conducting oxide (TCO) films expands, development of new TCO materials which possess good electrical conductivity, high transparency to visible light, and stability in various environments has been required. Induction of electrical conductance to various kinds of transparent oxides and other compounds by a new technique might widen the choice of TCO materials for the various applications.
One of the most important parameters that govern the conductivity is the carrier density of oxides. The carrier density can be controlled by impurity doping. It has been reported that the electrical conductivities of SnO 2 and ZnO were improved by the doping of F, Sb [1] [2] [3] [4] and Al, [5] [6] [7] respectively. It is considered that the introduced protium behaves as a donor or an acceptor in the materials and makes the density of electrical charge carrier high. Therefore, as a technique to make the conductivity of oxides higher, protium introduction will be a good candidate. Some researchers 8, 9) investigated the optical and electrical properties of ZnO films prepared by spray pyrolysis followed by annealing in hydrogen atmosphere. There are some reports on the effects of hydrogen ion implantation into Zn oxide films and Ge-Cd oxide films. [10] [11] [12] They confirmed that the hydrogen implantation improved the electrical conductivity of the oxides. The protium introduced into the oxides, however, sometimes gives coloration to the oxides. [13] [14] [15] [16] So the change of the optical properties by protium introduction must be considered when TCO materials are studied.
Generally, as-deposited SnO 2 films show some degree of electrical conductivity, and impurity-doped SnO 2 films are in practical use for solar cell panels, etc. On the other hand, GeO 2 shows good transparency and insulation. In this work, tin-germanium (Sn-Ge) oxide thin films with various Ge/Sn ratios were deposited by RF magnetron sputtering and the effects of protium introduction on the electrical and optical * Graduate Student, Kyushu University.
properties were examined.
Experimental Procedure
Sn-Ge oxide films were deposited on fused silica glass with an RF magnetron sputtering apparatus ULVAC BC2227. The deposited area was 12 × 12 mm 2 . The base pressure of the chamber was 1.3 × 10 −3 Pa, and the distance between the substrate and the target was 60 mm. The target disks for deposition of Sn-Ge oxide films were prepared by sintering the mixture of SnO 2 (> 98%) and GeO 2 (> 99.99%) powders. The ratios of SnO 2 /GeO 2 were 23/77, 50/50, 80/20, and 100/0. The sputtering gas was a mixture of O 2 and Ar. The fraction of O 2 was 50%, and the total pressure was 4.0 Pa. The RF power of 150 W was applied. To investigate the effects of protium introduction, H + 2 ions were implanted into the oxides using an ion gun with the acceleration voltage of 4.8 kV. The ion current was about 2 mA and the implanted H + 2 ion dose was 0.7-2 × 10 16 ions/cm 2 . The structure of deposited films was examined by XRD with Cu Kα radiation. The transmittance spectra of the oxide films were measured in the range of the wavelength from 200 to 1100 nm using Shimadzu UV160A UV-visible spectrophotometer. The transmittance was calibrated against a bare fused silica glass as a reference sample. The electrical resistivity of the films was measured by Van der Pauw method with four probes at a constant current of 5 nA-0.1 mA.
Results and Discussion
Using the target disks with different compositions, Sn-Ge oxide films were deposited. It was confirmed by the EDX measurement that the Sn/Ge ratios of the films were almost the same as the target composition. All the as-deposited films were transparent to visible light. The film thickness ranged from 400 to 1000 nm. Figure 1 shows the XRD profiles for these films. For the 100% and 80% SnO 2 films some diffraction peaks were observed indicating rutile structure of SnO 2 . While the 50% and 23% SnO 2 films showed no diffraction Electrical 
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• , suggesting amorphous structure. The broad peak around 20
• is due to the diffraction from the silica substrate. The peak positions of the 80% SnO 2 film slightly shifted to higher angle from these of the 100% SnO 2 film. Since the size of Ge 4+ is smaller than that of Sn 4+ , the peak shifts suggest that Ge 4+ ions substitute the Sn 4+ sites in the 80% SnO 2 film. The transmittance spectrum for the 23% SnO 2 film is shown in Fig. 2 . The spectrum for the 23% SnO 2 film displays the fundamental absorption edge between 200 and 300 nm and the transparency for the visible light was about 95%. Figures 3-5 show the transmittance spectra for the 50%, 80%, and 100% SnO 2 films. The fundamental absorption edges lie between 300 and 400 nm and the transmittances for the visiIntensity (a.u.) ble light were over 90%. The transmittance spectra for all the oxide films showed oscillations in the high transmittance region, which were attributed to the interference of light in the oxide layer. The electrical resistivities of the Sn-Ge oxide films are listed in Table 1 (Figs. 2 and 3) and also in the electrical resistivity (Table 1) . On the other hand, the electrical conductivity of the 80% SnO 2 film was considerably increased by the hydrogen ion implantation. After the implantation, the resistivity of the film reduced by over 2 orders of magnitude. Figure 6 shows the electrical resistivity of the 80% SnO 2 film with the various implanted ion doses. The resistivity decreases with the increase in implanted ion dose, and seems to saturate in Fig. 4 Transmittance spectrum for the 80% SnO 2 Sn-Ge oxide film (film thickness: 700 nm). the high dose region. While the 80% SnO 2 film showed a slight decrease in transmittance below the absorption edge (Fig. 4) by the implantation. The drop of transmittance corresponds to the decrease in resistivity of the film at each ion dose.
In the case of 100% SnO 2 film, the resistivity of the film decreased to the same order as that of the 80% SnO 2 film by the H + 2 implantation of 2 × 10 16 ions/cm 2 ( Table 1) . But the implantation caused a considerable drop of over 30% in the transmittance around 400 nm (Fig. 5) . Sato et al. 17) investigated the group IV impurity-doping effects on ZnO thin films. It was reported that the ZnO films doped with Si and Ge, the oxides of which have wider optical band gaps, showed high transmittance in the visible range. For the 80% SnO 2 film in this study, GeO 2 doping to SnO 2 suppressed the degradation of transparency induced by the H + 2 implantation. The effect may be related to the fact that GeO 2 has larger band gap energy than SnO 2 . The Ge rich (23% and 50% SnO 2 ) oxide films kept good transparency, but displayed no improvement in conductivity with the H + 2 implantation. Kikuchi et al. 12) studied the effect of hydrogen ion implantation on the electrical properties of Cd-Ge amorphous films and suggested that improvement of the conductivity of the oxides is due to the increase in carrier density. Our previous work 11) also confirmed that the carrier density of Zn oxide increased by H + 2 implantation. So the mechanism of the decrease in resistivity of the Sn-Ge oxide films in this study would be also attributed to the increase in carrier density.
Conclusion
Sn-Ge oxide thin films with various Ge/Sn ratios were deposited by RF magnetron sputtering and the effects of protium introduction on the electrical and optical properties were investigated. The as-deposited films were transparent to visible light. There was no significant effect induced by the H + 2 ion implantation on the resistivity and the transparency for the Ge rich (Sn/Ge ≤ 1) films. On the other hand, the ion implantation reduced the resistivity of the Sn rich (Sn/Ge ≥ 4) films by over 2 orders of magnitude with little degradation of the transmittance. The enhancement of conductivity would be attributed to the increase in the carrier density by protium introduction.
